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(57) Abstract 

A noiMcsnning ^ect monitoring system is described which uses a plurality of compact, low pait count sensor unii^ (5) to measure 
a pmraJIty Gf wavelengths from n plurality of measurement foeations (3). Each sensor unit includes a plurail£y of radiation derectors (6 7) 
each detector used to tletet a different radiation wavelength. A source of radiation (8) may be associated wislx each sensor unit, a sin-ie 
soui^ efiadiatipMS) may be used to illuminme the.shea for multiple sensor units, or passive radiation may be used. The censor uj^its 
may be artatiged along; 
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NON-SCANNING, ON-LINE MULTIPLE WAVELENGTH SHEET 
MQMTQRTNf; SYSTEM 

BACKGROUND OF THE INVENTf ON 

FIELD OF THE T1V VENTIQN 

Tlie present Invention relate generaliy to systems for njonitortog^efaaraeleri^^^^^^ 
Df a moving shfeet of material More particularly, the invention relates to a^m^^ of 
providing non-scamiing, multi-characteristie iftOttiiomig of a line or strip of a sheet of 
material, 

DESCRIPTION OF THE PRTOR A^ T 

With the advent of recent technology advances in sensing hard ware, continuous 
sheet industries, sucii as the paper industry, have cpnie to expect more feature-rich, and 
higher resolution sheet monitoring systems. In part, this has led to recent deveiopment 
of a number of non-scannkg sheet monitoring and controlling systems which may soon 
replace the cun-ent population of scanning systems in mills and plants. 
Nqn-seaiining systems provide not only more complete data about the moving 
sheet, they also provide a desirable separation between MD and CD. Scanning systems 
inherently couple CI5 and MD variations, although there are a number of ways to reduce 
or eliminate the coupling. As one of skill in the art will be aware, attempts to control a 
moving sheet process, without knowing wliether a disturbance is in the CD or MD 
direction, is a frustrating and costly problem. 

Non-scanning systems may consist of a row of sensors nearly equal in size to the 
region of measurement, or may be smailer than the region of measurement and rely on 
optics and separation from the sheet to monitor the entire region of measurement (such 
as with a CCD camera). Systems smaller than ilie region of measurement suffer from a 
weak radiation signal --caused by foreign substances ih the measurement patli- ainong 
Qther difficullies. For example, steam between the paper and the sensor device can 
absorb large amounts of sensor mdtation before it reaches the detectors, distorting 
sensor output. 

For nop'-gcaniiing systems which physically extend across the entire width of the 
region of measuremeat, the sensor units should be as compact as possible to save 
valuable sheet fonning machine space. One way to reduce the size and bulk of the 
systems embedded in the sheet forming machine, is to monitor multiple wavelengths 
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vntk Bsinm sensor unit. The multiple wavekngths may be used to provide multiple 
types of sheet characteristic data with a single device, thus conserving on-maQhine 
Space. 

SeveraJ inventors have previously recognized that multiple wavelengths can be 
measured with a single sensor unit. For example. United States Patent 3,965,356 issued 
to Howaith and assigned to Measurex Corpomtian describes an Wratoslbr measuring 
two or more radiation wavelengths with a single device. The deserihed device however, 
is used in a scanning environment, and is not suited for n non-scanning arrangement dtij 
to Its size and complexity. Another patent, 4,8ai,809 issued to Burk et a}., and 
assigned to Pnscess Automation Business, deserihes multiple wavelength Measurement 
for a non-seanriiag system, but actually taices measuremen 
fmm adjacent measurement locations, rather than taking measurements for two 
wavelengths from the same measurement location on the sheet surface. The Builc 
system ttofore has a greater degree of MD/GD coupiing which the manufacturer 
woifld like to eliminate. Further,the Burk system includes expensiveand complicated 
detector arrays, diffraction devices and imaging components which increase the cost and 
complexity of the system. 

S UMMARY OF THF- INV ENTION 
The present invention addresses these difficulties by providing a non-scanijing 
sheet monitoring system which uses a plurality of compact, low part count sensor .units 
arranged to measure a plurality of wavelengths from a line or strip of measurement 
locations on a sheet or web or material. Each sensor unit includes a plurality of 
radiation detectors; each detector is used to detect a different radiation wavelength or 
band of wavelengths. All detectors in a sensor uni t de tect radiation from a common 
measurement location (i.e. performing "same spot" measurements). A source of 
radiation may be associated with each sensor unit, a single source Qf tadim^^ 
used to illuminate the sheet for multiple sensdrxtoits (such as via a fiber-optic cable), or 
passive rotation may be used {i .e. no dedicated source of radiation). The tensor units 
m be arranged along a common line in either the MD or GD or diagonal to both, or 
may be staggered m position. The sensor units may or may not take measurements 
simultaneously. If measurements Me not simultaneous, measuremem 
line may stiil be achieved by seguencihg measurement times for each sensor unit, or 
group of sensor units in a eDrnmon line, based on the sensor units' location. 
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in feGt, the Applicants" system could provide essentially unlimited types of 
measturements to be taken from the same spot on the web or sheet by staggermg 
measurements from a row of serisor units arrarigea in an IS^ line. 

BRIEF DESrRTPTr QN OF THir DRAWINGS 
Figure 1 a shows one embodiment of the Applicants" non-seaiming system, 
applied in the CD. s 

Figure 1 b shows another embodiment of tja AppHeants" non^scanning system, 
applied in the MD. ' 

Figure 2a shows an embodiment of the Applieants' ' sensor unit in a cross- 
sectional side view. 

Figure 2 b shows the embodi 2a aa viewed ftom above. 

Figure 2c sho ws an embodiment of the Applicants" sensof unit comprising six 
radi^tiori detMtbrs and utilizing an external source of radiation (not shown). 

Figure 2d shows an embodiment of the Applicants" sensor unit comprising 
eiglit radiatidn detectors. 

FigUre2eshoW« an embodiment of the Applicants^' sensor unit having eight 
radiation detectoTs, arranged in two separate df cumferences of four radiation detectors 
each* around a central light source. 

Figure 3 shows another embodiment of the Applicants" sensor unh utilizing a 
central source of radiation, rather than individual sources of radiation for each sensor 
unit. 

Figure 4a shows one configuration of the mdiation detectors in each sensor unit. 
Figure 4b shows a second configuration of the radiation detectors In each sensor 



unit. 



unit. 



Figure 4c shows another configuration of tlie radiation detector?: in each sensor 



Figure 5a shows:a simple nori-staggered arrangement of the sensor units capable 
of iiieasuring simultaneousiy along a common line. 

Figure 5b shows a side viMw of the sensor unit atrahgement shown in Figure Sa. 

Figin-e 6a shows a seeond possible arrangement of the sensor units which utilizes 
a staggered arrangement, and smaller fneagurenient iocations, sukable for non- 
simultaneous sensor unit measureniientSi 

Figure; 6h shows a side view of the sensor unit arrangement shown in Figure 6a. 
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Kgure 6c - 6e shows movement of a cross^direction line through a measwement 
region for a system similar to that shown in Figures 6a and 6b. 

Figwe 6f shows an arrangement of Sensor units in the MD used to take same 
spot measurements with all or a multiple number of the sensor units in the system. 

Figui-e 7a shows a staggered sensor unit arrangement, which may be used to 
eompensale for slow radiation detectors. 

Figure 7b shows a side view of the sensor unit arrangement showii in Figure 7a. 

Figure 8 a shows a staggered serisqr unit an-angement, us^^^^^^^ sensor units 

so that simuItaneousMeasurement along a eommon line is possibie with staggered 

sensor imits, 

Figure 8b showa side view of the sensor unit arrangement shown in Figure 8a. 

Figure 9a show a sensor unit arrangejjient utilizing reflective coatings mounted 
Oji the underside pf the Sensor units to enhance sensor unit perfofmance. 

Figure .^b sho ws a side view of the sensor unit arraagement shown in Figure 9a. 

Figure 9c shows a sensor unit aaangeme^ utilizing reflective coatings in 
conjunction with transmissive radiation detector measHrements. 

Figure 10 Shows a sensor unit eonfiguration utilizing a dithering mechanism to 
improve sheet eo\'erage. 

DETAILED DESnRiPTf on 
Figure la shows one embodiment of the Applicants" inventive system, hi the 
Figure, a sheet or web material i , such as paper, plastic, fabric, metal or glass, moves 
forward through the sheet fbnning machine (i.e. up or forward in the Figure). For 
reference, machine direction (MD) is defined as forwaid, and cmss^direction (CD) is 
defined as left to right along the paper. 

A measurement region 2, traverses a cross-direction strip or line of the sheet. 
•Hie measurement region defines a series of measurement locations 3 (ie. spots) at which 
measurements of sheet characteristics are taken. The measurement locations, arid tiius 
Ihe sensor units, may or may not extend across the entire sheet width- In Figure J a, only 
the first few naeasurement locatiohs are shown. 

Adjacent each measurement location is a sensor uaiT which measures changes in 
tiie sheet at the associated adjacent measurenjent location, typically by examining 
seattered light from the measurement location, but specular refleetion may also be used 
(siich as for gloss measurements). The bfQW.up in Figure la shows one possible 
Embodiment of the sensor units. A first sensor unit 5, contains first and second 
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radiation detects^rs; 6 and 7, respectiveiy, aiid first source of radiation 8. Similarly, a 
second sensor unit 9, contains third and fourth radiation detectoi^, 1 0 and 1 1 , 
respeetively, and a second source of radiation 12. 

Figure lb shows anotiier embodiment of the Aj^plieants' > invention, applied for 
coileeting MD data about web or sheet 1 5, or for collecting large amounts of data from 
a single point. In the Figure, aineasui^nent region 16. tmverses a macMne-direction 
iine or strip of the sheet. Measurement region 16 deffnes a series of measiirement 
locations or spots 1 7 at which measurements of sheet chameteristics are taken. Data at 
each measurement location is taken by sensor units 18. haying a similar configt^ion 
and operation to that of the sensor units shown anf described in Figure U, 

Thenumber of measurement loeations used in embodiment of Figure lb could 
be set by any number of factors. For exampte. measnrement region 16 could be made 
the same length the sheet width, to allow conelation with a CD measurement system 
such as the one slK.wn in Figure l a. A totely, the mea^u^^^^^ region could be long 
enough to capture a fbll period of certain types of periodic MD sheet disturbances. As a 
forther possibility, multipJe sensor units could take data from the same spot on the web 
or sheet, by staggering sensor unit measutements. In this type of system, the number of 
sensor units -and thus tire length of the measurement region- would depend on the 
number and type of datum desired, and the number- of type of datum an individual 
sensor uni t could measure* 

As a preferred embodiment, numerous separate sensor units have been chosen 
by the Applicants - rather than a single-piece measurement system. This design allows 
easy configuration of the system for various sheet sizes and applications. However, 
single-pieee measurement systems may be prefemble in some circumstances. For ' 
example, some standard sheet size systems may be pmdueed for less eost with single- 
piece measurement systems. Single-piece rneasurementss^tems may a^^ 
for smaller sheet widths, such as in the plastics industry, or for MD or single spot 
measurement systems where the length of the measun^ment system isnot dependent on 
or controlled by the sheet size. 

One or more of the Applicants ' ' measurement systems may be used in a single 
sheet plam or miil. For example in a paper mill, the Applicants^ system may be piaced 
l^fbre or after thecoating section, breaker stack^ wet press seef ion, or other sections, as 
data about the sheet is needed* 

In operation, the source of radiation for each sensor unit impinges on the 



"^^^ PCmiS99/27260 

appropriate measurement location (i.e. spot) acUaeent that sensor unit. The radiation: 
detectors for the sensor unit each monitor the measurement location for a different 
radiation wavelength or wavelength band. Typically, scattered, rather than specular 
reflection is examined by the radiation detectors, although specuiar reflection may also 
be utilised. A microcontroller or other device and associated compoiiems calculale, 
fbnnat and/or normalize data from the sensor units. This information may then be used 
to produce any number of sheet characteristic values, such a raoisture, b^is weight, 
gloss, thickness, CaCOj content, celluiose, coat weight, latex, clay, silicone, sheet 
temperature, etc. either alone or in conjunction with <rther radiation wavelength data, 
other sensor unit data, and/or other external data. The sheet may be held in place wika 
sheet stabilizatioji mechanism to enhance measurement accuracy of tlie sensor units. 

For a substantial number of sheet measurements jn the paper indtistry, the 
desired taiige of radiation for measurements is in the i.9 to 2,2^im range. In this region, 
one wavelength is chosen as a measured wavelength, and a second wavelength is chosen 
asareferencc. As one of skill in the art will understand, 

becalled and will be referred to as the measure wavelength. To determine a sheet 
property measurement, the reference wavelength intensity is compared to the measured 
wavelength intensity. Then, relying on the fact timt tlie measured wavelength is more 
sensitive to the sheet property being measured than the reference wavelength, a 
determmation of the desired sheet property is calculated. For example, for moisture, 
l,9^m can be used as the measured frequency, and 1 .Sum as the reference frequehey. 

One possible measurement leclmique is now described. During calibration, the 
sensor units are exposed to a family of laiown conditions for the type of measurement to 
be taken. The ratio of the reference and measure wavelength in this femity of known 
conditions is used to produce Goefficients of an equation which describes the sheet 
CGnditions for any value of the reference to measure wavelength ratio. During system 
operation, the measiire value versus reference value ratio is used in the equation created 
during calibration to produce a sensor unit output representing the sheet condition. 

Of course, measurements outside the 1 .9 ^ 2.2tlm band may also be useful. For 
example, 3.9^tm is an effeetiye measurement wavelength for Caleium Carbonate, with 
3.8pm being used as a reference wavelength. Olher types of measurements may utilize 
wide bands of radiation, and only a single detector (i.e. no reference wavelength is 
measured}. For example, gloss, which is measured wi th green light utilizes the band of 
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radiation between 400 and eoOnm, and relies on specular reflection. 

A crcss-sectional side view of a further sensor unit, capable of measuring t)ur 
wavelengths of radiation rather than two is shown in Fignm 2a, with a top view of the 
same device shown in Figure 2b. In the Hgures, a sensprwtt body 20 houses four 
radiation detectors 21 - 24 which lie in circumference aro«„d ;a ceirter cavity. The 
center cavi ty may contain a lens or other focusing device., may be empty, or may 
contain a source of radiation. In the Figure, th« cmity is shown ccjntsinirig a lens 25, 
which is used to manipulate radiation firom smifce o 

lens. For systems using scattered radiation, lens 23 typically focuses the radiation to a 
small spot tt, reduce the chance of speGular radiation reaching the radiation detectors A 
further lens or reflecting member 27 may lie below lens 25 to focus mdiation from 
source of radiatioii 36, or to reflect back radiation reflected from tlie sur&ce of the 
sheet. Lenses aiid other radiation manipulation components can add cost and 
complexity to sensor unit d^ign. % avoid this the sensor units may be placed cioser to 
the sheet, since tiie closer to the sheet the sensor unit is located, the smaller Uie number 
of lenses and other radiation man^ulation components are needed . 1„ some cases 
lenses andotlier components are unavoidable however. For example, if the sensor units 
are placed top close the sheet, random specular reflection becomes a problem. If the 
seizor units are moved outside the region where random specular reflection is a 
problem, theneed for lenses -^-to produce/gather enough light on the sheet surfece- 
inqreases. 

Figures 2c through 2e show sensor units utilizing more than ibur radiation 
detectors, in Figures 2e and 2d, the radiation detectors are arranged: in a simpie 
circumference. In figure 2e, a secondset of mdiation detectors is airanged m a second 
wider circumference. In either case the extra sensors could provide separate 
measurements or serve as a reference to other radiattondetector^ 

Radiation detectors 21 - 24 are comprised of a radiation sensing means, such as 
a bolometer, or PtlTCr radiatibn sensitive device, and a filter, such as an interference 
filter. The interference filter allows only the desired radiation wavelength or band of 
radiation wavelengths to reach the radiation sensing means or alternately, using one or 
more filters, a pteality of spaced waveleiigms or wavelength bands may be moni 

a single radiation detector. The miermay be a fixed type, or some form of 
variable filter, such as an acoustically tuned optical filter (ATOF). Use of an ATOF- 
type filler increases the veisatility of the system since the sanae system may be modified 



WQ 00/31521 

PCT/US99/27260 

-8-- 

and adjusted to measure different types of properties without any hardwarexhaitges. If 
fte filter chosen can be switciied from one band to another fast enough, the ehanges 
may be made on-line to provided akernateiy two or niore types of measurements of the 
sheet. Of course, the ATOF filter may eompJicale the sensor m«l housing some^vhat 
depending on the required supporting hardware, and this may be a factor in the chosen 
design. As indicated by the (I through 14 symbols m the %ure, each radiation detector 
senses a different radiation wavelength or vvavelength band, ahhough, two or mm 
ladiation detectors may sense a common iBdiatton wavelength ftrr special purposes, 
such as fiber orientation. 

In a Slightly diSfej^nt embodiment of the Applicants' invention, the radiation 
detectors may be located outside the sensor unit, and using fiber optic cables, radiation 
may be fed to externally mounted detectors, this can substantially reduce the bulk of 
tiie sensor units in the area of the moving sheet, but could require costly fiber optic 
cablfe, depending on the wavelengths the designer wishes to measure. 
The sourceof radiation may be any bulb or qtiier radiation mean., which provides 
radiation m all the wavelengtlis which tfie detectors are designed to detect. In fact, just 
about any simple typeof light bulb would be sufficient for this purpose, assuming the 
;bulb maintains a relatively constant intensi ty in the measured radiation wavelength 
ranges. Typically, most types of detectors use intensity of the received source of 
radiation to create measurement signals, Th us, a source of radiation having an unstable 
radiation intensity might cause changes in sheet characteristics to be eon&sed with 
fluctuations in the source of radiation's intensity, A refereaee of the radiation's 
intensity is typicaily used to improve the accuracy of the sensor umt measurements. 

While the embodiment of Figure 2a utilizes an individual source of radiation for 
the sensor unit shown, a single source Of radiation n^^ 

sensor unit, with a radiation disttibution means used to distribute radiation &om the 
single souree to the more than one sensor units. In Figure 3, for example, sensor unit 
30, receives radiation fi^m a central source of radiation 31, via fiber optic cable 32. 
This same central source of radiation may be used to provide radiation to all or sorne 
smaller number than all the sensor units in the cross-direction strip. 

Distribution Ofradiationfi-ora the source of radiation to the radiation detectors 
may be aided with the addition ofspecular and non-specular reflective coatings 
mountedonthe ijnteideofthesensorunits. These coatings spread radiation fiom the 
source of radktion to more locations on the sheet, and allow more effective 
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measurement of very thin and very thick sheet materials. The latter is the resulj of 
multiple interactions of the radiation source's radiation with the sheet. A more detmled 
description of the use of these coatings is described in U.S. Patent 3.793.524. issued to 
Howarth and U.S. Patent 5,276,327 issued to Bossen, et al.. both assigned to Meastirex 
Corp, the content of which is hereby incorporated by reference. 

Several other configurations for the source of radiation ai^e suitable to (he 
Applicants" invention and are worth mentiptUitg hei^. The source of mdiktion may be 
mounted extemaliy to the sensor units, a: supplemehtal source of radiation may augment 
the radiation provided by a eenixally loomed spcree of mdiati^^^ or passiYe sources of 
radiation -no dedicated source of radiation, used to mw^^^ temperature- or 
transtnW sources of radiations-radiation from theopposi^ side of the sheet from the 
sensor unit^- may be used. The soiirces, regardless of location, may be dedicated one to 
a sensor iMit, may shine on the entire^l^^^^^ 

radiation may be used for a small group otsensor unit^ Typically, the choice of^ 
souroe will depend on how easy it isto control radiation in a given design environment, 
the senskiyi^ of the: detectors, the type of measurement to be taken, and other factors. ' 
More than one type of radiation source may be utilized as well, if; fbr example, one type 
of desired measurement requires transmitted radiation, and one reflected radiation. 

As mdicated earlier, many of tlie most common property measurements in the 
paper market may be performed using scattered radiation. This may be accomplished 
with either a transmissive or reflective light source, although the reflective light source 
is preferred as it keeps ail sensor unit components on the same side of the sheet, and 
reduces some alignment complications. Although notably, basis weight is preferably a 
transmissive measurement, and gloss is strictly a; speoular inflective measurement. 

The source of radiation may either be on constantly, or the source of fadiation 
may be strobed to operate only when its associated sensor unit is measuring the surface 
o f die sheet. If the source of radiation is constamly on. heat consideratiom and stray 
radiation from one sensor unit effecting another sensor unit may have to be addressed 
in the design. Heating: may be controjled with some form of heat sink , fan, or air purge. 
Stray radiation may be controlled by restricting the radiation detector opening in the 
sensor unit so that only radiation within the desii^d incident radiation direction may 
r^ch the radiation detector, If the source of radiation is timed to only be on when the 
radiation detectors are maidng measurements, heat and stray radiation problems are 
reduced but the electronic requirements for this type of system would increase. The 



timed source of radiation would also reduce light bulb life, if power foE the biilb is 
simply cycled on and off: As an alternative, a mechanical chopper could be used. Each 
of these factors and options would be weighed in determining the most effeGtive design 
for a particular appiicalion. 

As shown in Figures 2a, and 3, the radiation detectors are slanted 
receive radiation from tlje proper portion of the sheet surface. The slanting allows a 
larger common measurement location to be shared by ail radiation deteGtors in the 
sensor nnit, at a reduced distance between the shegt and the sensor units. Angled 
radiation detectors also allaw increased distance between the radiation detectors and the 
source of radiation. This reduces fbe possibility tlaat specular radiation from the source 
of radiation will reach tlie radiation detector. As m^icated, the described embodiment is 
useful for seattened-iighl measurements, whieh are easier aGCQmplished without the 
cQmplieation of specular liglg iti the detector signals. 

The choice of orientation for ;?he radiation detectors, relative to the sheetand the 
source qf radiation is effected by several considerations. First, to receive the strongest 
signal fTora the sheet witii the smallest chance of specular radiation reaching the 
radiation detectors or scattered light from other sensor units at the wrong angles, the 
sensor unit should be as close to the sheet as possible, without interfering with, or being 
contacted by the sheet. In tiie Applicants' ' preferred embodiment, this distanee is 
between one-half and one inch. Second, when using interference filters to attenuate 
unwanted frequencies of radiation, on ly radiation passing within approximately 10" - 
12" of incident from the surface of the interference filter is usually recommended to 
receive die band of frequencies for which the filter is rated. Outside this range of 
incidence, the interference filter wili allow wavelengths of radiation through oflier than 
those desired to be detected, typically, radiation from the measumment location should 
therefore scatter irom the sheet so that it strHces the interference filter in the specified 
range of angles and radialton fiom other angles should be blocked. Thirdly, when more 
than two wavelengths Or wavelength bands are to be measured by the same sensor unit 
(i.e. there are airee or more radiation detectors in the sensor unit) the size of the 
measurement iQCation relative to the width of the sensor unit may become important. 

The interrelation of the above factors may be examined with the aid of Figures 
4a - 4c, In each of the Figures, the solid lines emanating from the lower surface of 
sensor units 40 and 41 represent the maximum desirable incident radiation angle for the 
chosen interference filter. The shaded polygon in each Figure represents the region Of 
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the sheet surface on which both sensor units wili take measurements within the range of 
desired incident radiation angles (.i.e. same -spot measurement). For most sensor 
measurements (gloss being the noted exGcption), the radiation source will be focused 
on a spot small enough so that specular radiation from the source of radiation will not 
reach the radiation detectors. The size of the spot, and the spacing betweea the 
radiation detectors and the source of radiatiori shoiUd be adjusted to allow for some 
amount of pass-line variati on (i .e. sheet bounce, flutter or drift) which mikht praduce 
specular radiation at larger distances from the spot center than expected. Darker 
horlMl black lines, such as those labeled 42 and 43, represem possible measurement 
locations for the chosen sensor unit cGnfiguralipn. The edges of each measuremeat 
loeation are ideafly bounded by the region in which both radiation detectors take 
mdiatioii measurements wifhin the desired incident radiation angles. To preveM 
radiatiOtt mm undesirable angles from reachmg the radiation detector, the radiation 
detectors are shielded or recessed into tlie sensor unit body. 

In Figure 4a. radiation detectors 40 and 41 have been angled - wi th respect to 
the pejpendicular to the sheet being measured- so that the measurement location can be 
wide enot^ to span the width ofthe sensor unit. In the figure, verticallines 42 and 43 
represent the edges of the sensor unit A possible measurement location as wide as the 
sensor unit is labeled as 44. Cenh-ai source or radiation 46 could provide specular 
radiation to the sj'stem or scattered radiation sources could be placed just outside each 
radiation detector. It is noted that the chosen angle for the ladiation detectors, reiati^^e 
to tlie sheet surface, makes the possible range ofthe measurement locations (theshaded 
triangle) unbounded as the sheet moves farther away from the sensor units. That Is, the 
sensor unit may take as wide a measurement location as desired, by moving the sensor 
unit fcther away from the sheet. Of course, the disadvantage of increasmg the distance 
between the sheet and the sensor unit is tfareeibld. First, increasiug the measurement 
iocation si2e decreases resolution. The resolution of the sensor umt is generally limited 
to the measuremem loeation size. Secood, it allows more opportunity for stray radiation 
to enter the radiation detectors. Third, the signal received from the source of radiation 
will eontiiiue to get weaker the farther the sensor miits get from the sheet To some 
extent, the spacing between the sensor unit and the sheet may be reduced by decreasing 
the spacing between the radiation detectors. 

One disadvantage of the system of Figure 4a, is that the measurement location 
varies in size with mQVement of the sheet. For example, if the sheet bounces torn 
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measurement location 43, to measarement location 42, a substantiaily ^mallerportion of 
the sheet surfece is measured, complicating evaluation of the radiation detector signals, 
and omitting possible information about selected portions of the sheet Avhich may not be 
examined by another sensor unit. Compared to the other systems described beipw, 
however, the system of Figure 4a may be the best choice for a design, if cost reduJtipn 
and reduced sensor unit size are key considerations, since the system of Figure 4a 
maximizes hardware use relative to the amm 
and minimizes the amount of on-machiiie real ■estate. 

In the system of Eig 4b, the radiation detectors have been angled to provide a 
band of measuretnent locations which are the same size. Epr example, measurement 
locations 47 and 48 shown in Figum 4b cover the same amount of surfece on the sheet 
Thus, even if the sheet bouttcss from one measurement location to another, the same 
size region of the sheet will be measured, linfortuxiately. placement of the radiation 
detectors in the configtjration of figure 4h makes it more difficult for a single sensor 
unit to individually measure a portion of the sheet as wide; as the sensor unit. As will be 
described later however, staggered sensor units may be used to measure the portions of 
the sheet missed by a first sensor unit. In the configuration of Figure 4b, a transmissivc 
source of radiation 49 fi;e. mounted in the sheet guide) is shown providing light to the 
sheet, although another type of source may also be used. 

In Figure 4c, the radiation detectors have been angled substantially to reduce the 
distance between the sensor units and tlie sheet surface, This configuratiQn of the 
radiation detectors turther reduces the size of the measurement location relative to the 
width of the sensor unit. A central source of radiation is used to itlumihate the sheet in 
Figure 4c. As ^iih the configuration of Figure 4a, the measurement location size will 
change with the position of the sheet. Ftttther, the shape of the region of possible 
measurement locations is bounded (le. it decreases to zera some distance from the 
sensorunit). Despite these drawbacks, this system may be^^^^ 
the designer to place the sensor units as ciose as possible to the sheet For example, if 
transmitted radiation is being measured, the radiation passiijg through the sheet may be 
very weak, requiring the sensor units be very close to the sheet to maximize this weak 
signal, this design also simplifies the radiation source placement for a sy stem 
meatsuriflg seattereci radiation. 

Figure 5a shows a top view of the simpJest arTangement of sensor units for 
examination of a desired region of measurement on the sheet. Figure 5b shows the 
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same system in end view. In the Figure, each cross-shaped member, such as indicated 
by numbers 50 and 5 1 , represents a sensor unit. The circle overlaying each seiisdr unit, 
such as the one labeled 52 and superimposed on sensor uait 50, represents the 
measurement location for that sensor uni t. Each of four rotation detectors, located at 
each end of each cross-shaped member, measures a different waveJength from the 
measurement location, such as shown in Figure 2b. In Figure Sa, this is indicated by the 
h through U symbols appearing inside each measurement location. ' 

In Figures la and 5b, the measurement location for each sensor unit is as wide as 
the sensor unit ThuSi to measure the entire surface in the measurement region would 
only require a single row of seftsor units. In fact, by ittcreasing the spacing between the 
sensor units and the sheet, the measurement locations may be made to overlap 
somewhat. This may be desirable, for example, to prevei« misalignment or sheet 
flucmations ftom causing gaps in the line of data. For maximum data collection, the 
sa/stem of Figure 5a is thepreferred sensor unit arrangement for sensor units Hk^those 
of Figure 4a, but not for sensor units configurations like those shown in Figure 4b and 
4c. The Gonfjguratioiis of Figures 4b and 4c do not have measurement locations as wide 
as the sensor unit, and thus require staggered sensor units to fill in information for the 
missing measurement locations. 

Figure 6a shows a second possible ajTangement of sensor units whieh is more 
suitable to sensor unit configurations of Figures 4b and 4c, if this type of system is 
arranged in the CD. In the arrangement of Figure 6a, the measurement loeation for eafeh 
sensor unit is considerably smaller than the width of tlte sensor unit. Thus, there is 
some spacing -labeled 60 in Figure ga- between each measurement location in a single 
cross-direetipn line of sensor units. To collect data from each point along the eross^ 
direction line, a second row of sensor units is added, offset from the first row of sensor 
units. The second row of sensor units is used to pick up the regions in the cross- 
direction line missed by fte .first row of sensor units. 

To eliminate any CD/MD coupling, the reading from the second row of sensor 
unhs is delayed slightly?, so that the same cross-direction line of the sheet is measured 
with the second row of sensor iinits as was measured with the first row of sensor units. 
Figure 6c - 6d show how this is accomplished. By monitoring the speed of the sheet, 
the designer may determine the time it talces for a cross-direction line, such as the one 
labeled 61 in Figures 6c - 6e to move a fixed distance. With this information, the 
designer may determine when the cross-direction line will move frotn the po 
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shown In Figure 6e (i.e. to) to the position Shown m 

position shown in Figure 6d to the position shorn in Figui-e 6e (i.e. l^. Then, by 
delaying reading of the second row of sensor unit, rtime (t, - 1,). points along the same 
cross-direction line are taken with both rows of sensor units. 

As a second reason for staggering sensor readings, they may allow use of slower 
(any typically mom cost efSfectiVe) radiation detectors. By purposely staggering ihe 
sensor units in a configuration similar to that shown In Figure 7a and 7b for example, 
the mdiation detectors in each sensorunitar^ allowed a marginal iy iargm- time to 
recover from thi^ir last reading, Df course, the disadvamage Of this type of system is 
thatit uses subslantially mom spape in the sheet forming machine, and as the amount of 
delay increases from the first tolast sensor unit to examine the sheet in any chosen 
cross-directioij line, a larger chance exists that the sheet wiU bounce or move, thus 
making eaily and late readings in one^^^^^^ line more difficult to correlate. 

One possible solution to this problem is to average a number of sensor unit 
readings from oite examination of the sheet to the next. This effectively reduces tlie 
effect of short term deviations such as movement of the sheet. The averaging technique 
is suitable, in feet, for any configuration of the sensor units to eliminate selected higli 
frequency problems. 

A third possible use for staggered sensor unit readings in the Applicants " 
system is shown by the system of Figure 6f In the figure, a row of sensor units is 
arranged in the MD. Wnje in previous systems it xvould have been typical to have each 
sensor unit measure the same set of wavelengths, in the system sliown, each sensor urrit 
measures a different set of frequencies. If staggered f eaditig scheme is applied to this 
system, tlie measurement system may nse eacfe sensor unit in the system to read data 
from tlie same spot as it passes by. Thus, for the example shown in the figure, 14 
wavelengths or wavelength bands are collected for the same; spot on the sheet. 

Another pDssibleembodiment utilizing staggered sensor units (and suitable for 
MD or CD oriented systems) but which avoids tfte timing complieations of the system 
of Pignres 6a -6e is shox^'n in Figtire 8a and 8b. In this airangemenfe the sefisor toifs 
have been tilted somewhat so that the measurement locations for the two rows of sensor 
units interlace, as is shown in Figure 8a. While this is possible for systems in which 
scattered i-adiation is being measured, it may not be suitable for other types of 
measurements requiring accurate reflected radiation data. 

For any of the above described systems, the use of reflective coatings mounted 
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on the underside of the sensor units can improve the amount, aceuraey, or type of 
information provided by the sensor units. One posgible embodiment of this type of 
system is shown in Figures 9a and 9b. In the figures, a reflective coating 90, such as a: 
layer of quartz coated on one side with al uminum is moiinted to the lower fece of a row 
of sensor units. Openiiags may be provided in the reflective layer for the source of 
radiation and the radiation detectors, or the layer may be proArided without opeoiags. 

There are a ftujnber of possible advantages td the addition of a reflective layer in 
the Applicants" system. One advantage is that the same device may he used for a wider 
range of sheet types, since the reflective coatings make thick and thin sheet materials 
appear tlie same to the radiation detectors. 

A second advantage of the reflective coatings is that they may be used to adjust 
transmissive radiation measurements (i.e. measurements straight through the sheet) 
using: scattered radiation signals. For example, jn Figure, 9a. radiation detector 93 
reeeives transmitted radiation fm^ source or radialidn 94, while radiation detector 95 
teceives scattered raaiation data from source or radiation 94 via sheet 96. The data from 
radiation detector 95 may then be used to adjust the transmitted radiation signal 
produced by radiation detector 93. In actuality, the technique of adjusting the 
transmitted radiation signal by the scattered signal may be aecomplished without the 
reflective coating, although the reflective coating enhances the resuJi of this technique. 

Further advantage of the addition of reflective coatings to the Applicants" basic 
invention may be found in the U.S. Patent 3,793,524 to Howarth, and U.:S, Patent 
5^276,327 to Bossen et al. 

As a final addition to the Applicants ' ' invention, used to account Ibr some 
variations in measurement location size, the sensor units may be dithered (vibrated back 
and forth) to cover slightly more surface of the sheet. Dithering may be accomplished 
physically fay vibrating the sensor unit mounting frame, or by vibfation of individual 
sensors. TOie di thering does add back in a small component of MD/CD eoupHng to 
the readings collected from the sensor units, in some circumstances it may be the most 
preferable option, For example, if a weak sigml t^uires the sensors be very close to 
tlie sheet, the measurement loeations may not cover the entii^ surface in the 
measurement region witlioutthe help of the dithering mechahism to slightly increase the 
area of the web co\'ered by each sensor unit. 

One simple method of producing dither would be lo mount the sensor units on a 
sliding shaft which is oscillated back and forth using a cam, such as is shown in Figure 
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1 1 . In this side view of the dithered system, a slideabie bar i 00 is mounted to sensor 
unit arrangement 101, freely moving in guides I G2 and 103 is oscillated back and forth 
by pin 104 mounted near an outer edge of wlieel 1G5 . Wheel 105 is attached to the 
shaft of a motor 106, which rotates the wheel, at for example a period of one second, 
above sheet 107. 

Tlius, since the invention disctosed herein rnay be embodied in other specific 
fonns without departing froin the: spirit or general characteristics thereof^ iome of which 
forms have been indicated, the embodiments desorihed herein are to be considered in all 
respects illustrative and not restrictive. Kor example, the Applicants" has hot described 
in detaii systems in which only a portion of the width of the sheet is scanned, althongb 
stjch systems are clearly possible using the Applicants" described system and 
techniques. The scope of the inventi on is to be indicated by the appended claims, rather 
than by the foregoing deseription, and all changes which come within the meaning and 
range of equivalency of the claims are intended to be embraced therein. 
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CLAIMS 

1 . A noo-scafining system for detenjiini«g charaGtmstics of a moving sheet of 
material in a measurement region at one or mtsre measurement locations, comprising: 
a first sensor unit for determining characteristiGS of the moving sheet qf material 
at a first of the one op more measareraent locsations conipnsing: 
a first radiation detector for detecting a first radiation wavelength frpm 

the first of the one or more measwreitieni locations; and 
a Jeast a second radiation detector for detecting a second radiation 
wavelength from the fi rst of the one or more tneasurement 
iocationsi and 

a least a second sensor unit for determiiiing characteristiGs of the mo ving sheet 
of materia] at a second of the one or more measurement locations 
substajitially contiguous or over-lapping with the first of the one or more 
measurement locations, epmprising: 

atliird radiation detector for detecting a third radiation wavelength from 
the second of the one or more measurement locations; and 

a least a fourth radiation detector for detecting a fourth radiation 

wavelength from tlie second of the one or more raieasureanent 
locations. 

2. The apparatus of claim 1 wherein said first and third and said second and fourth; 
radiation wavelengtlis are the same. 

3 - The apparatus of claim 1 whetein a single source of radiation iUuminates the 
sheet at the measurement fegioh or a section of the measurement region larger than a 
single measurement location. 



4. 'file appai-atus of claim 1 wherein the first and second sensor units further 
comprise first and second sources of radiation which illuminate the sheet at the first and 
second measurement locafionsv respeeti vely. 

5 . The apparatus of claim 1 wherein: 

said first seiisor unit further comprise at least a fiflh and sixth radiation deieGtors for 
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detecting a fifth and sixth radiation wavelengths from the first trieasurement 
location, respeetively ; and 
say second sensor unit further comprise at least seventh and eigfa|lr radiation detectors 
for detecting a seventh and eighth mdiation wavelengths from the second 
naeasuremerit locat ion, respectively. 

6. The apparatus of clauti 1 wherein said fifth and seventh and said sixth and eighth 
radiation wavelengths are the smie, 

7. The apparaftis pf ciaiai 5 wherein the radiation detectors are arranged in 
circutwference, around the meastirement location. 

8. The apparatus of claim 7 wherein said radiation detectors are equally spaced 
arotind the measurement location, 

9. the apparatus of claim 8 wherein the first and second sources of radiation lie 
directly adjacent the first and second measurement locations respectively, and at tip 
center of the radiation detectors. 

10. Tlie apparatus of claim 8 wherein the first and seGond sources of radiatipn lie m 
the opposite side of the sheet from tlie radiation detecptofs. 

1 1 . The apparatus of claim 1 wherein a sufficient number of sensor units are used to 
measure the sheet at every point across the sheet in the GD. 

12. The apparatus of cl aim 1 whe rein the sensor units are arranged in paralle] across 
the sheet in; the CD, and take jfneasurements simultaneously. 

13. The apparatus; of claim 1 wherein the sensor Units are staggered, and take 
measurements in a sequence so that all sensor units components measure along the same 
crossrdifection line; 

14. The apparatus of claim I in which a refleetive coating is applied to the surface of 
the sensor unit adjacent the sheet, wherehy multipie reflections frpm the sheet may 
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occur before radiatioij ftom the source radiation reaches the radiation deteetbr. 

15 . The apparat us of claim 1 in which the measurement location for one or more 
sensor unit i s dithered to change the Jocation of the measurement location in the cross- 
direction strip. 

3 6. The apparatus of claim 15 wherein the dithered sensor unit ekamin^s more 
measurement locations across the sheet than aGcomplished if the sehsor units are not 
dithered. 



17. The apparatus of claim 1 wherein the sensor units are arfanged in parallel across 
the sheet iij the MD, and take measiiremerits simultaneously, 

is, The apparatus of claim 1 wherein fee sensor units are arranged in pararieUcross 
the sheet in the MD, and take measurements nqn-simultaneously, wherein the delay 
between measurement by one sensor unit and tlie next causes all sensor units to measure 
irom the same spot on the sheet. 

19, The apparatus of claim i wherein the first and second measurement locations are 
the same spot on the sheet, 



20. An apparatus for non-scanning measurement of a sheet of moving material 
GOnaprising: 

a pluralitv of sensor units each iebmprising: 

a plurality of radiation detectors, each detectoy detecting a different radiation 
wayeiengtlvband frdm a measurement location oh the sheet, each of Ae 
plurality of sensor units directed at a different measurement location tes 
substantially continuous line across the sheet; and 

a source of radiation ly ing adjacent the radiation detectors, the source of 
radiation direeling:radiatiott at the measurement location for the 
associaKd radiation deteetors. 

21. The apparatus of claim 20 wherein the line across tlie sheet is in the MD 
direetioh. 
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22. The apparatus of . claim 20 wherein the line across the sheet is in the CD 
direGtion. 

23. The apparatus of claini 20 wh^rsia not all of tiie radiation detectors ii^ on the 
same side of the sheelv 

24. Ail apparatus ibr non-scanning measurement of a sheet of moving niat^rial 
conl^rising' 

a plurality of sensor lanits each comprising: 

a plurality of radiation detectors, an'anged in an MDline, each detector detecting 
a difFeretit radiation wavfitength band from a measurement location on 
the isheetj ^ll of the sensor units directed at a conimpn measurement 
location; and 

a source of radiaition lying adjacent the radia^on detectors, the source of 
radiation diinectbg radiation at tlie measurement location for the 
^SQciatedmdiatiQn detectors, 

25. An apparatus for non-scamiing measurement of a sheet of moving material 
comprising: 

a plurality of sensor units each comprising: 

a plurality of radiation detectors, arranged in an ME? line, each detector detecting 
a different radiation wavelength band frarn a measurement location on 
the sheet, all of the sensor xm^s directed M a common measurement 

location; and 

a source of mdiation lying one the opposite side of die sheet from the radiation 
detectors, the source of mdimion direG^ing radiation at the m^asnrement 
iDcation for the associated radktioh detectors. 
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